Abstract-Endothelial-to-mesenchymal transition (EndMT) is a process in which endothelial cells lose their properties and transform into fibroblast-like cells. This transition process contributes to cardiac fibrosis, a common feature of patients with chronic heart failure. To date, no specific therapies to halt or reverse cardiac fibrosis are available, so knowledge of the underlying mechanisms of cardiac fibrosis is urgently needed. In addition, EndMT contributes to other cardiovascular pathologies such as atherosclerosis and pulmonary hypertension, but also to cancer and organ fibrosis. Remarkably, the molecular mechanisms driving EndMT are largely unknown. Epigenetics play an important role in regulating gene transcription and translation and have been implicated in the EndMT process. Therefore, epigenetics might be the missing link in unraveling the underlying mechanisms of EndMT. Here, we review the involvement of epigenetic regulators during EndMT in the context of cardiac fibrosis. The role of DNA methylation, histone modifications (acetylation and methylation), and noncoding RNAs (microRNAs, long noncoding RNAs, and circular RNAs) in the facilitation and inhibition of EndMT are discussed, and potential therapeutic epigenetic targets will be highlighted. Visual Overview-An online visual overview is available for this article.
ndothelial-to-mesenchymal transition (EndMT) is a cellular transition process in which endothelial cells lose their endothelial characteristics and gain a fibroblast-like phenotype. EndMT was originally identified in cardiac development where the endocardial endothelial cells of the atrioventricular canal undergo EndMT to form the cardiac valves and septum. 1 In 2007, it was discovered that aberrant activation of the EndMT program during adult life contributes to cardiac fibrosis, a pathological scarring process which constitutes an integral component of cardiovascular disease. 2 In the years to follow, it has been shown that pathological EndMT not only plays a significant role in the initiation and progression of cardiovascular diseases such as atherosclerosis and pulmonary hypertension, 3, 4 but also in kidney and pulmonary fibrosis, brain vascular malformation, and cancer. [5] [6] [7] [8] Consequently, EndMT is no longer solely associated with development but is now considered an important contributor to pathogenesis. However, different studies came to different conclusions with respect to the extent of EndMT, even in various models of pressure overload (eg, transverse aortic constriction versus ascending aortic constriction), 2, 9 suggesting that EndMT is highly context-dependent and that further studies are needed to understand when exactly EndMT happens and how it is driven at a molecular level.
Signaling Pathways and Modulators of EndMT: TGF-β Signaling as a Major Inducer of EndMT
Several signaling pathways have been associated with the initiation and progression of EndMT during both development and disease conditions. TGF (transforming growth factor)-β signaling is the major inducer of EndMT in both physiological and pathological conditions. 10 There are 3 isoforms of TGF-β: TGF-β1, TGF-β2, and TGF-β3. Since TGF-β1 is the most commonly studied in the context of pathological EndMT and TGF-β2 is the most important in developmental EndMT, the effects of the TGF-β3 isoform on EndMT are relatively unknown. 11 The TGF-β cascade is under physiological conditions in endothelial cells as follows: TGF-β binds to the TGF-β receptor type II which in turn activates the type I TGF-β receptor ALK1 (activin receptor-like kinase-1). 12 Subsequently, ALK1 antagonizes EndMT via activation of SMAD (SMAD family member) 1/5/8 signaling. 12 Upon increased TGF-β levels, however, signaling through the type I TGF-β receptor ALK5 is initiated.
12 ALK5 recruits and phosphorylates the transcription factors SMAD2 and SMAD3, which form a complex together with coactivator SMAD4. 12 This complex translocates to the nucleus and interacts with transcription factors such as SNAIL (snail family transcriptional repressor 1), SLUG (snail family transcriptional repressor 2), and TWIST (twist family bHLH transcription factor 1) to regulate induction of mesenchymal gene expression and repression of endothelial gene expression, thereby facilitating EndMT ( Figure 1 ). Other signaling pathways such as Notch signaling, independently or synergistically with TGF-β induce EndMT during both development and pathogenesis. 13 Notch signaling is initiated by ligand binding, which induces proteolytic cleavage of the transmembrane receptor and release of the intracellular domain. The intracellular domain translocates to the nucleus and associates with CSL (CBF1/Suppressor of Hairless/Lag1)-binding sites thereby recruiting coactivators to initiate transcription. 14 Other signaling pathways that induce EndMT are Ras-and BMP (bone morphogenetic protein)-signaling (bone morphogenetic protein). Aberrant activation of signaling pathways that induce EndMT during both adult life and development can be explained by the presence of environmental factors (hits) that can trigger EndMT. Environmental factors include disturbed fluid shear stress, the frictional force of the blood flow exerted to the endothelial layer, and high blood glucose levels. 15, 16 In addition, environmental factors such as hypoxia or proinflammatory cytokines, as part of the profibrotic microenvironment, contribute independently or synergistically with TGF-β signaling to EndMT. [17] [18] [19] [20] [21] [22] [23] Nevertheless, even though several signaling pathways and environmental factors have been associated with the initiation and progression of EndMT, the underlying molecular mechanisms regulating EndMT are still incompletely understood. This lack of knowledge might be explained by the presence of epigenetics as a supreme layer of regulation that aberrantly activates EndMT during disease conditions.
Epigenetic Regulation as a Strong Candidate Regulator of EndMT
Epigenetics is a stable way of regulating gene expression independent of changes in the nucleotide sequence.
The term epigenetics was already described 50 years ago, but only in the last years, there is an uprise in the field of epigenetic regulation-which aims to explain biological phenomena from a different perspective. Epigenetic regulation, and thereby regulation of gene expression, occurs at the transcriptional level via DNA methylation and histone modifications. Noncoding RNAs can affect gene expression at both the transcriptional (via long noncoding RNAs [lncRNAs] and circular RNAs [circRNAs]) and posttranscriptional level (via microRNAs [miRNAs], lncRNAs, and circRNAs). Epigenetic regulation was originally identified as determinant for cellular differentiation during development but is increasingly recognized for its causal contribution to cardiovascular disease, organ fibrosis, and cancer. [24] [25] [26] [27] [28] [29] [30] Because EndMT (1) is originally a developmental process, (2) is a form of cellular transdifferentiation by which extensive gene expression changes are necessary, and (3) contributes to diseases which are associated with epigenetic regulation, epigenetics is considered as a strong candidate regulator of EndMT. This review will focus on the different levels of epigenetic regulation associated with EndMT and highlight potential epigenetic-based therapeutic possibilities to combat EndMT-associated pathologies with a focus on cardiovascular disease. 
Histone Methylation and (De)acetylation Are Important Regulators of EndMT
Histone proteins package the DNA into nucleosomes and can be modified posttranslationally resulting in either transcriptional activation (via chromatin relaxation and making the DNA accessible for transcription factors and coregulators) or transcriptional repression (via chromatin compaction). Histone modifications include phosphorylation, sumoylation, ubiquitylation, methylation, and acetylation. Only the global methylation and acetylation of lysine residues have been reported to date to be associated with EndMT and will hence be the focus of this review. Histone methylation is associated with both transcriptional activation (eg, H3K4me3) and repression (eg, H3K27me3) depending on the location of the lysine residue and the degree of methylation. [31] [32] [33] In contrast, histone acetylation is solely associated with transcriptional activation. Regulation of histone modifications occurs via homeostasis between histone-modifying enzymes which either deposit (histone methyl-or acetyltransferases) or remove modification marks (histone demethyl-or deacetylases). Consequently, histone-modifying enzymes regulate the accessibility of the chromatin thereby determining the transcriptional and thus cellular outcome. The histone-modifying enzymes that have been associated with EndMT will now be discussed in more detail.
Histone Methyltransferase EZH2 and HDAC3 Are Essential Regulators of EndMT During Development and Disease
EZH2 (enhancer of zeste homolog 2) is the major histone methyltransferase of the polycomb repressor complex 2 and is responsible for depositing trimethylation marks on lysine 27 of H3 (histone 3; H3K27me3) resulting in transcriptional repression. 34 EZH2 is an important modulator of EndMT during both development and disease. During second heart field development, HDAC3 (histone deacetylase 3) recruits EZH2 to the DNA to mediate silencing of TGF-β1 transcription thereby terminating physiological EndMT, which is an essential step to complete cardiac development. 35 Lack of HDAC3 in the second heart field, and thereby the loss of EZH2 recruitment and thus transcriptional activation of TGF-β1, results in several cardiovascular abnormalities leading to embryonic lethality because of the disruption of cardiac development. 35 This underlines the essential role of both HDAC3 and EZH2 in regulating EndMT during cardiac development. 35 At the same time, it has been reported that loss of EZH2 inhibits endothelial proliferation. 36 The definite contribution of EZH2 to EndMT is therefore still under debate. Besides physiological conditions, EZH2 also regulates EndMT during pathological conditions. Costimulation of endothelial cells with TGF-β2 and IL (interleukin)-1β (a proinflammatory cytokine mimicking the profibrotic microenvironment) results in decreased expression of EZH2. 17 This loss of EZH2 expression is associated with reduced H3K27me3 marks at the TAGLN (transgelin [SM22α]) promoter and thus with transcriptional activation of TAGLN (SM22α), a mesenchymal gene which is upregulated during the process of EndMT, thereby facilitating EndMT. 17 Moreover, it has been shown that inhibition of HDAC3 results in epithelial-to-mesenchymal transition (EMT), a cellular transition process similar to EndMT, in a head and neck cancer cell line. 37 Altogether, this underlines the essential role of both EZH2 and HDAC3 in EndMT regulation, making them promising epigenetic targets to interfere with TGF-β-induced EndMT. In this regard, several aspects of the regulatory role of EZH2 and HDAC3 on EndMT need to be addressed. First, EZH2 can still maintain its expression on single stimulation with TGF-β2 (without IL [interleukin]-1β costimulation), indicating that several hits are necessary to induce the loss of EZH2. This provides the opportunity to identify the defensive mechanism by which EZH2 maintains its expression upon TGF-β2 exposure alone, which might result in new insights on how to reactivate or maintain EZH2 expression thereby preventing EndMT. Second, it is important to mention that several TGF-β isoforms (TGF-β1 and TGF-β2) are involved in the (HDAC3-) EZH2-mediated regulation of EndMT, meaning that isoform-specific effects of TGF-β on EZH2 and vice versa should be elucidated. Third, the association between HDAC3 and EZH2 displays the interaction of HDACs with histone methyltransferases. Nevertheless, the underlying mechanisms on how these different histonemodifying enzymes interact with one another remains elusive. Neither HDAC3 nor EZH2 can bind directly to the DNA, suggesting the involvement of yet to be described transcription factors and coregulators facilitating the recruitment of both HDAC3 and EZH2 to the DNA to enable transcriptional repression and regulation of EndMT. Indeed, lncRNAs, which are discussed later in this review, have been described to guide EZH2 to specific genes indicating that lncRNA context is pivotal for EZH2 function. 38, 39 In short, uncovering the underlying mechanisms by which EZH2 and HDAC3 facilitate regulation of EndMT may provide important clues for novel therapeutic approaches to combat pathological EndMT.
Histone Acetylation and the Histone Acetylase EP300 Are Associated With EndMT H4 (histone 4) acetylation is involved in the synergistic upregulation of specific SMAD3 target genes (HEY1 [hes related family bHLH transcription factor with YRPW motif 1] and ANKRD1 [ankyrin repeat domain 1]) on combined TGF-β1 stimulation and Notch activation. 40 This is facilitated via recruitment of SMAD3 to SBEs (SMAD-binding elements) and CSL (Notch) binding sites in the DNA. Interestingly, SMAD3 (and other receptor-regulated SMADs such as SMAD1, SMAD2, SMAD5, and SMAD8/9) and Notch intracellular domains can both interact with histone acetyltransferases indicating their roles in histone acetyltransferase recruitment. 41, 42 Another SMAD3 target gene which is only regulated by TGF-β1 (PAI1 [phosphoribosylanthranilate isomerase 1]) is associated with both H4 acetylation and trimethylation of a lysine residue of H3 (H3K4me3) indicating that single (regulated only by TGF-β1) or synergistic regulation (regulated by both TGF-β1 and Notch) of EndMT target genes can induce different epigenetic outcomes with potentially different effects in the long run. However, which histone acetyltransferase(s) or histone methyltransferase(s) are involved remains unknown. Interestingly, because (1) TGF-β2 treatment in mouse cardiac endothelial cells induces expression of the histone acetyltransferase p300 which (2) is also significantly upregulated in fibrotic tissues, and (3) is well-known for its role as regulator of gene transcription, the histone acetyltransferase EP300 (E1A binding protein p300) might represent an important modulator of EndMT. [43] [44] [45] [46] Therefore, the histone acetyltransferase EP300 might be responsible for the H4 acetylation and upregulation of specific SMAD3 target genes upon TGF-β1 stimulation and Notch activation. This makes both the histone acetyltransferase EP300 and histone acetylation interesting targets to interfere with EndMT. However, the exact role of histone acetylase EP300 and the underlying mechanisms that facilitate histone acetylation in the context of EndMT have yet to be confirmed. Therefore, more knowledge on the regulation of histone acetylation in the context of EndMT is necessary before targeting histone acetylation to inhibit EndMT.
DNA Methylation as Potential Target to Combat EndMT
DNA methylation is the presence of ≥1 methyl groups on cytosine bases in CpG-islands in the DNA. These CpG-islands are mostly located in gene promoter regions, which are responsible for transcriptional activation. Addition of methyl groups via DNA methyltransferases (DNMTs) in these CpG-islands is the most potent epigenetic regulatory mechanism to stably silence gene expression. 47, 48 In contrast to histone methylation, methyl groups on cytosine bases cannot be removed directly but indirectly with the help of recently discovered TET (teneleven translocation methylcytosine dioxygenase) enzymes. 49 TET enzymes catalyze the oxidation of methylcytosine to hydroxymethylcytosine, which is replaced by a naked cytosine through DNA repair mechanisms.
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RASAL1 Promoter Demethylation Inhibits EndMT
TGF-β1 treatment in human coronary endothelial cells resulted in aberrant promoter methylation and thereby reduced gene expression of RASAL1 (RAS protein activator like 1 [a Rassignaling inhibitor]) which contributes to EndMT. 53 The aberrant promoter methylation of RASAL1 was also observed in an experimental mouse model of cardiac fibrosis and in end-stage heart failure patients, implicating that aberrant promoter methylation of RASAL1 is an important determinant of EndMT in the context of cardiovascular disease. 53 In endocardial fibroelastosis, a subtype of cardiac fibrosis, the endogenous EndMT inhibitor BMP7 gene is aberrantly methylated, suggesting that other genes than RASAL1 are hypermethylated in the context of EndMT. 54 However, which genes are associated with aberrant methylation in the context of EndMT needs to be established. Interestingly, the antifibrotic morphogen BMP7 induces TET3-mediated hydroxymethylation of the RASAL1 promoter thereby restoring RASAL1 gene expression both in vitro and in vivo. 53 This suggests that demethylation of specific genes such as RASAL1 might provide a novel therapeutic approach to block EndMT. Although in the context of TGF-β1-induced EndMT it remains elusive how aberrant promoter methylation of RASAL1 is facilitated, 53 in renal fibrogenesis the aberrant promoter methylation of RASAL1 is shown to be mediated via DNMT1. 55 In addition, other stimuli, such as hypoxia and inorganic phosphate, also induce aberrant promoter methylation of RASAL1 which is facilitated via DNMT3a and via HDAC2-induced recruitment of DNMT1, respectively. 18, 56 Whether the underlying mechanisms of aberrant promoter methylation of different genes are similar upon the same stimuli remains unclear. Altogether, targeting of specific DNMTs or TET enzymes, or performance of gene-specific demethylation, provide therapeutic approaches to interfere with aberrant DNA methylation and thereby combat EndMT.
Noncoding RNAs as Potential Targets to
Interfere With EndMT
Noncoding RNAs are functional RNA molecules but not translated into proteins. Noncoding RNAs include miRNAs, lncRNAs, and circRNAs. miRNAs are short RNA sequences (20-25 nucleotides) which can bind to ≥1 mRNA targets resulting in their degradation or inhibition of their translation into protein. 57 This leads to both direct repression of gene and protein expression and indirect activation of gene and protein expression (via the downregulation of repressor molecules).
Differential Expression of miRNAs upon TGF-β Treatment: miR-21, miR-27b, and miR-155 as Inducers of EndMT
Several miRNAs are differentially expressed upon TGF-β2 treatment, indicating their potential role in modulating EndMT. 45, 58, 59 Examples of upregulated miRNAs during EndMT are miR-27b, miR-155, miR-125b, Let-7c, Let-7g, miR-21, miR-30b, and miR-195, whereas miR-122a, miR-127, miR-196, and miR-375 are downregulated upon TGF-β2 stimulation. 45, 58, 59 Interestingly, blockage of miR-21 rescued the TGF-β2-induced repression of the endothelial marker CDH5 (cadherin 5 [VE-cadherin]) and induction of the mesenchymal marker S100A4 (S100 calcium binding protein A4), identifying miR-21 as an important inducer of EndMT which is responsible for the downregulation of CDH5 (VE-Cadherin) and the induction of S100A4 in the context of TGF-β2-induced EndMT. 60 In addition, blockage of miR-27b suppressed the TGF-β2-induced expression of the mesenchymal markers ACTA2 (actin, alpha 2, smooth muscle, aorta [α-SMA]) and TAGLN (SM22α), indicating a role for miR-27b in facilitating EndMT. 59 Another miRNA which has been shown to facilitate TGF-β-induced EndMT is miR-155. 58 miR-155 inhibits SKI (SKI proto-oncogene [c-Ski]), an important inhibitor of TGF-β signaling, thereby inducing the expression of the mesenchymal gene vimentin and the EndMT transcription factors SNAIL, SLUG, and TWIST. 58 Besides miR-21, miR-27b, and miR-155, the underlying mechanisms of these differentially expressed miRNAs in regulating EndMT remain largely unknown. Interestingly, the TGF-β2-induced differential expressed miRNAs have also altered expression levels in cardiovascular diseases such as cardiac fibrosis and heart failure, underlining their role in regulating EndMT in pathological conditions.
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Let-7b/c, miR-20a, and miR-200b as Potential Targets to Prevent EndMT
Overexpression of miRNAs Let-7b and Let-7c represses TGF-β signaling and inhibits EndMT in human umbilical artery cells. 64 Overexpression of Let-7b also inhibits EndMT in a murine transplant arteriopathy model. 64 This indicates that Let-7b and Let-7c are potential targets to interfere with EndMT. It should be noted that Let-7c and Let-7g are, as described before, upregulated during TGF-β2-induced EndMT in mouse cardiac endothelial cells. 45 This suggests that these miRNAs are upregulated as a protective mechanism or that these miRNAs are differently regulated in mice and humans. Overexpression of another miRNA, miR-20a, in human umbilical vein endothelial cells inhibits the TGF-β1-induced upregulation of the TGF-β receptor complex (TGF-β receptor 1 and 2) and SARA (Smad anchor for receptor activation) whose function is to recruit SMAD2 and SMAD3 to the TGF-β receptor complex. 65 Interestingly, miR-20a only affects TGF-β1-signaling in authentic endothelial cells but not in cells actively undergoing EndMT, indicating that miR-20a is an important regulator in the initial phase of EndMT and an interesting target to prevent rather than reverse EndMT. Another potential target to prevent EndMT is miR-200b. Endothelial cell-specific overexpression of miR-200b prevents glucose-induced EndMT, inhibits glucose-induced cardiac expression of TGF-β and inhibits the expression of the histone acetyltransferase EP300. 66, 67 This indicates the essential role of miR-200b in preventing glucose-induced EndMT revealing miR-200b as a potential target to prevent EndMT. Whether the protective role of miR-200b is also present in TGF-β-induced EndMT needs to be established. Importantly, the inhibition of the histone acetyltransferase EP300 upon miR-200b overexpression indicates the association between different epigenetic regulators (miRNAs and histone acetyltransferases) in modulating EndMT. The underlying mechanisms of these associations and cooperation between different epigenetic modulators remain largely unknown. Altogether, miRNAs have distinct roles in the context of EndMT and can either be protective (Let-7b/c, miR-20a, and miR-200b) or inducers (miR-21, miR-27b, and miR-155) of EndMT. Suppression of upregulated miRNAs (miR-21, miR-27b, and miR-155) or overexpression of downregulated miRNAs (Let-7b/c, miR-20a, and miR200b) might be a therapeutic approach to prevent EndMT. Important to note is that miRNAs have several targets, making it essential to carefully check off-target effects when modulating miRNA expression. 68 Also, in the case of miR-21, CDH5 (VE-Cadherin) and S100A4 might not represent direct targets of miR-21 but could reflect a secondary effect because miR-21 might target their regulators. Finding out which regulators are targeted by miRNAs might provide an approach to discover more direct regulators of EndMT and avoid the off-target effects associated with miRNAs.
lncRNAs as Potential Mediators of EndMT
lncRNAs are another group of noncoding RNAs that have been described recently. In contrast to miRNAs consisting only of 20 to 25 nucleotides, lncRNAs comprise >200 nucleotides. lncRNAs regulate gene expression by a wide range of functions including (1) affection of transcription directly, (2) modulation of chromatin-modifying complexes, (3) modulation of posttranscriptional regulation via mRNA processing and stability, and (4) an effect as sponges for miRNAs to prevent them exerting their effects. 69 
lncRNAs MALAT1 and GATA6-AS Modulate EndMT
To date, only 2-specific lncRNAs have been associated with EndMT: MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) and GATA6-AS (GATA6 antisense RNA). The expression of MALAT1 increased upon treatment of endothelial progenitor cells with TGF-β1, resulting in the downregulation of miR-145 and enhanced expression of the miR-145 targets SMAD3 and TGFBR2, thereby facilitating EndMT. 70 This indicates the role of lncRNAs in acting as sponges for miRNAs thereby influencing phenotypic outcome. Silencing of another lncRNA, GATA6-AS, decreases TGF-β2-induced EndMT in human umbilical vein endothelial cells by diminishing increased TAGLN (SM22α) and calponin expression and attenuating decreased CDH5 (VE-cadherin) expression, indicating its role in regulating EndMT. 71 Interestingly, GATA6-AS interacts with the chromatin-modifying enzyme LOXL2 (lysyl oxidase like 2) to regulate endothelial gene expression via changes in histone methylation (H3K4me3). 71 This shows again the interaction of lncRNAs with other epigenetic modulators to modulate gene expression. In contrast to miRNAs which have been well-documented during cardiac fibrosis, lncRNAs still need to be comprehensively characterized. Therefore, it remains unknown which other lncRNAs are of importance in the regulation of EndMT. Interestingly, it has been reported that some lncRNAs are expressed more in endothelial cells as compared with fibroblasts and cardiomyocytes. 72 These endothelial-specific lncRNAs might get downregulated during the process of EndMT and likely be of importance in inhibiting EndMT. In addition, some lncRNAs have been recently described to control cardiac fibrosis, which might also play a role in facilitating EndMT. Examples of these lncRNAs are GAS5 (growth arrest-specific 5), Wisper, and MEG3 (maternally expressed 3). [72] [73] [74] Overexpression of GAS5 resulted in a decreased expression of miR-21 which facilitated suppression of cardiac fibrosis. 74 Because miR-21 is an inducer of EndMT, GAS5 might also exert a suppressive role on TGF-β2-induced EndMT. Whereas overexpression of GAS5 acts as a suppressor of cardiac fibrosis, the lncRNAs Wisper and MEG3 facilitate cardiac fibrosis. 72, 73 The role of these lncRNAs in regulating EndMT still needs to be confirmed, but these findings definitely point out lncRNAs as novel therapeutic targets for cardiac fibrosis. Interestingly, lncRNAs can also modulate chromatinmodifying complexes such as EZH2 and DNMTs, which are also known to be important in the regulation of EndMT. [75] [76] [77] [78] It would therefore be interesting to explore the association of lncRNAs with EZH2 and DNMTs in the context of EndMT.
circRNAs as Potential Mediators of EndMT
The third group of noncoding RNAs are circRNAs. Circularization of RNAs occurs because of alternative splicing where the 3′ end of an exon is covalently joined to either its own 5′ end or a 5′ end of another exon (called back-splicing). Although most circRNAs consist of exons, circRNAs can also include other regions such as introns, untranslated regions, and intergenic regions. 79 CircRNAs were described already 26 years ago, 80 but recent advancements in sequencing technologies showed us that around 5% to 20% of the human genes give rise to circRNAs, shedding new light on the importance of these noncoding RNAs. 81, 82 The biological functions of circRNAs remain largely unknown, but some circRNAs have been described to (1) act as sponges for miRNAs to prevent them to exert their function, (2) act as scaffolds to regulate protein function and interactions, and (3) act as scaffolds to affect transcription. 75, 83, 84 Interestingly, circRNAs can even encode for proteins. 85 circRNA Production Is Highly Regulated During EMT Recent data shows that the abundance of hundreds of circRNAs is widely altered during TGF-β1-induced EMT, a cellular transition process similar to EndMT. 86, 87 Several circRNAs are upregulated >20-fold after TGF-β1 treatment (eg, SMARCA5 [SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, . 86 Even though this cell type-specific expression of circRNAs suggests a functional role of circRNAs during EMT, the functional outcome of how these circRNAs influence mesenchymal properties or preserve epithelial properties is still unknown. Because EMT and EndMT share many similarities, it is fair to postulate that circRNAs also play a role in EndMT. Nevertheless, only 1 circRNA has been described in EndMT to date. Overexpression of the circRNA DLGAP4 (DLGassociated protein 4) in mouse brain endothelial cells inhibits EndMT by acting as a sponge for miR-143 thereby regulating tight junction and mesenchymal marker expression. 88 Whether the circRNA DLGAP4 also inhibits TGF-β-induced EndMT in the context of cardiovascular disease remains elusive.
Targeting Epigenetic Modulators of EndMT: Possibilities and Challenges
Inducers of EndMT such as nonuniform disturbed fluid shear stress and glucose and signaling pathways such as TGF-β-, Notch-, and Ras-signaling are associated with the activation of epigenetic regulators which, in turn, facilitate EndMT. 89, 90 This indicates that the environmental factors and signaling pathways represent the activators, whereas epigenetic modulators are the executives who actively facilitate the activation and progression of EndMT. This makes epigenetic regulation an exciting target for the therapeutic inhibition of EndMT-contributing cardiovascular diseases. Epigenetic modulators represent histone modifications and histone-modifying enzymes, miRNAs, lncRNAs, and DNA methylation (Figure 2 ; Table) . HDAC3 and EZH2 represent promising targets to interfere with EndMT. In addition, suppression of upregulated miRNAs (miR-21, Figure 2 . Overview of epigenetic regulators that are associated with endothelial-to-mesenchymal transition (EndMT). Histone acetylation and methylation marks as well as histone-modifying enzymes are highlighted in purple, noncoding RNAs including microRNAs, long noncoding RNAs, and circular RNAs are highlighted in blue and DNA methylation is highlighted in orange. The upper row depicts epigenetic modifications and regulators associated with induction of EndMT, whereas the lower row shows the epigenetic modulators which are associated with repression of EndMT. ANKRD indicates ankyrin repeat domain 1; DLGAP4, DLG-associated protein 4; EZH2, enhancer of zeste homolog 2; GATA6-AS, GATA6 antisense RNA; H3K4me3, trimethylation of histone 3 at lysine 4; H3K27me3, trimethylation of histone 3 at lysine 27; H4, histone 4; HDAC, histone deacetylase; HEY1, hes related family bHLH transcription factor with YRPW motif 1; IL, interleukin, MALAT1, metastasis-associated lung adenocarcinoma transcript 1; PAI1, phosphoribosylanthranilate isomerase 1; RASAL1, RAS protein activator like 1; TAGLN, transgelin; and TGF, transforming growth factor. miR-27b, and miR-155) or overexpression of downregulated miRNAs (Let-7b/c, miR-20a, and miR-200b) and reversion of RASAL1 promoter DNA methylation result in amelioration of EndMT. The presence of EndMT-associated epigenetic regulators in the human heart is depicted in the Table. All EndMTassociated epigenetic regulators (except for the lncRNA GATA6-AS) have also been described in the human circulation. 88, 91, 93, 94, 96, [98] [99] [100] 102, 103, 106, 108, 110, 111 This highlights the potential of using epigenetic-based therapeutic possibilities to combat EndMT. Nevertheless, some challenges need to be mentioned in the field of epigenetic regulation of EndMT. First, the possible different roles of epigenetic modifiers in different contexts and upon different stimuli represent a challenge for epigenetic-based therapeutic approaches. 68, 112 It is important to mention that EndMT is not only detrimental but can also mediate beneficial effects in pathological settings. For example, partial induction of EndMT contributes to the formation of new vessels upon ischemia. 113, 114 Altogether, this suggests that EndMT is a highly dynamic process which exerts differential effects in different settings which needs further elucidation. Second, off-target effects (in particular for noncoding RNAs, but also for chromatin-modifying complexes) in the context of epigenetic targeting are an important aspect which needs to be considered. Third, there are several associations between distinct epigenetic regulators such as EZH2 and HDAC3, EP300 and miR-200b, and HDAC2 and DNMT1 indicating the presence of a complex network of epigenetic regulatory mechanisms which are key to facilitate and block/reverse EndMT. Challenges in identifying both genetic and epigenetic regulatory networks are posed by different subtypes of TGF-β used in different studies, making it difficult to compare individual studies to each other. The same holds for different time points of stimulation (eg, 2 hours versus 12 days) and the use of both mouse and human cell lines. Therefore, it is important to establish the underlying mechanisms by which epigenetic modulators facilitate EndMT.
Looking Outside the Borders of Cardiovascular Disease
When looking outside the borders of cardiovascular disease, epigenetic regulatory mechanisms have also been List of epigenetic regulators (histone-modifying enzymes, histone modifications, DNA methyltransferases, DNA hydroxymethylase, microRNAs, long noncoding RNAs, and circular RNAs) that are associated with EndMT. The presence in the human heart or circulation, the genes/miRNAs regulated, experimental conditions, species studied, and corresponding publications are indicated. Y stands for Yes. Histone-modifying enzymes as well as histone acetylation and methylation marks are highlighted in purple, DNA methylation and hydroxymethylation are highlighted in orange, and microRNAs, long noncoding RNAs, and circular RNAs are highlighted in blue. DNMT indicates DNA methyltransferase; DLGAP4, DLG-associated protein 4; DNMT, DNA metyltransferase; ELK1, ETS transcription factor, EndMT, endothelial-to-mesenchymal transition; EZH2, enhancer of zeste homolog 2; GATA6-AS, GATA6 antisense RNA; H3K4me3, trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation of histone H3 at lysine 27; H4, histone 4; HDAC, histone deacetylase; HECTD1, HECT domain E3 ubiquitin protein ligase 1; MALAT, metastasis-associated lung adenocarcinoma transcript 1; NRP2, neuropilin 2; PAI1, phosphoribosylanthranilate isomerase 1; PLXNA2, plexin A2; PLXND1, plexin D1; POSTN, periostin; PTGS2, prostaglandinendoperoxide synthase 2; RASAL1, RAS protein activator like 1, SARA, Smad anchor for receptor activation; SKI, SKI proto-oncogene; SMAD, SMAD family member; TAGLN, transgelin; TET, ten eleven translocation methylcytosine dioxygenase; TGF, transforming growth factor; and TGFBR2, transforming growth factor receptor 2.
described in EndMT-associated pathologies such as cancer and organ fibrosis. 115 Interestingly, all epigenetic modulators which are important for driving EndMT (eg, EZH2, HDAC3, EP300, miRNAs, and DNMTs) have also been described in cancer and organ fibrosis. The role of epigenetics and the underlying regulatory mechanisms is most established in cancer where a similar process to EndMT is present: EMT. The underlying mechanisms of EMT are thought to be similar in EndMT; thus, many of the identified mechanisms in EMT might potentially play a role in EndMT as well. Also, the underlying mechanisms of EndMT are thought to be similar in different forms of organ fibrosis. Combining the knowledge of EMT and EndMT in the context of cancer and organ fibrosis with the knowledge on EndMT in the context of cardiovascular disease might enhance our knowledge on EndMT-associated pathologies leading us one step closer to perform epigenetic targeting to combat aberrant EndMT.
Conclusions
To conclude, epigenetic regulation of EndMT represents a highly promising but yet insufficiently explored field with potential for epigenetic targeting of EndMT-associated cardiovascular disease. 
Sources of Funding
Disclosures
None.
